A novel route for the low-cost patterning of electrical thin films has been established. The process has been developed principally for the manufacture of thermocouples using high-speed reel-to-reel industrial techniques, but could be applied to the manufacture of a wide range of electronic devices including radio frequency identification (RFID) antennae, electrical interconnect, and passive electronic components. The procedure exploits high-volume processes directly to print self-removing masking layers.
INTRODUCTION
Vacuum deposition is a term used to describe several thin-film fabrication processes, including thermal evaporation and sputtering [1] . Industrially, thinfilm processes are applied widely for, among other things, the manufacture of organic light emitting diodes (LEDs) [2] , the coating of architectural materials [3] , and high-volume applications such as food packaging and decorative wrapping [4] .
The advantages that thin-film manufacturing processes offer to the microelectronics industry are principally those associated with cost. Their commercial relevance has attracted considerable investment [5] and the processes are evolving and becoming increasingly affordable.
Conventional circuit-board manufacture is a polluting process, involving toxic processing agents including photo-sensitive chemicals, developers, and etching solutions. The process involves many steps and generates a large amount of waste. By comparison the thin-film processes discussed here offer significant environmental savings by minimizing wastage and the energy required for complete manufacture. This is in line with a number of recent European directives such as waste electrical and electronic equipment (WEEE) and restrictions of the use of certain hazardous substances (RoHS) which have added to the increasing pressure from consumers on manufacturers to extend their responsibility and adopt more environmentally friendly production methods.
Conductive thin films for electronic applications are produced usually using batch or single sample processes. It is thought that the principal barrier to their widespread application as part of a low-cost production line-type process is the lack of a simple, effective, and generic patterning technique. Currently, the most prevalent patterning process for thin films employs the same mechanisms as standard circuit board manufacture; photosensitized masking layers, developers, and etching agents [6] . Other processes for achieving patterned conductive films include the use of shadow-masking and masking oils and additive processes such as soft lithography and foil blocking.
Work has been carried out on the characterization of thin-film techniques. The processing conditions for the attainment of bulk material electrical and thermoelectric properties in thin films are well documented [7] [8] [9] .
Low-cost manufacturing methods have been applied to the production of thermocouples. Qu et al. showed that 'economical' thermoelectric generators could be manufactured using methods such as foil lithography, electroplating, and wet chemical etching [10] .
Thin-film thermocouples are used in numerous applications [11] [12] [13] [14] . They have a number of advantages over their conventional bulk material counterparts; they are small and scalable [15] and have flexibility when it comes to their design and the materials that can be used in their manufacture [16] .
Thin-film thermocouple sensors have been built that have microsecond response times to even very small temperature fluctuations [17] . The widespread interest and their diverse application arises because they can be used as both power generation systems and as high-performance temperature sensors.
METHOD
Methods were investigated that allowed the direct printing of a masking ink on to a substrate which was then metallized. Depending on the nature of the ink, the required conditions would then be applied causing the mask to peel away from the substrate leaving behind a patterned thin film.
Various ink formulations were developed, the emphasis being on inks that would break their adhesive bond with the substrate with the application of certain external conditions.
The three mechanisms investigated to remove the masking ink layer were:
(a) heat and UV-triggered blowing agents; (b) UV-triggered polymer degradation; (c) self-peeling brittle inks (see Fig. 1 ).
The concept behind the use of blowing agents was that the triggered production of a quantity gas would increase the volume of the printed material and destructively alter the adhesive integrity between the substrate and the masking layer, allowing it to be removed easily.
UV-initiated polymer degradation is the process by which UV irradiation will break down the polymer chains of a resinous material effectively, reducing the average molecular weight and destroying its adhesive properties. Inks were developed using resins that would become brittle, once dried. To initiate removal of this ink, the completed metallized structure was passed over a mandrel, whereupon the brittle ink peeled itself away from the substrate, leaving behind a patterned thin film.
Various peeling-ink formulations were investigated using a variety of solvents including biodegradable n-methyl pyrrolidinone (NMP) and ethyl diglycol acetate (EGA).
It was shown that the addition of fillers and aggregates was beneficial to the peeling properties of the masking inks and various commonly used ink fillers were scrutinized, including Blanc Fixe (barium sulphate), china clay (kaolinite), Winnofil SP (calcium carbonate particulate coated with fatty acids) and Chinese Supa micronized talc (hydrated magnesium silicate) (see Table 1 ).
A test rig was built that allowed the application of a variable force acting perpendicularly to the substrate surface to be applied to a known surface area of printed ink. A measurement of the force needed to remove the ink from the substrate surface provided a means by which the adhesion of the different samples could be compared. Resin-based inks of polymethylmethacrylate (PMMA) were prepared that demonstrated exceptional brittleness under ambient conditions. The glass transition temperature of PMMA is approximately 105 C [18] , below which the material will demonstrate glass-like brittleness.
It was shown that a solution of dissolved PMMA incorporating kaolinite (sample h) created an ink that could be screen-printed onto an untreated polyester substrate with suitable resolution.
Once the substrate was printed with the masking ink, two thermoelectrically active materials were evaporated on to the substrate, in an overlapping stripe configuration. Upon peeling, the masking layer was shown to be removed cleanly, leaving behind a series of thermocouples in a patterned thin-film thermocluster structure.
Film thicknesses of up to 500 nm, approximately twice the thickness required to achieve conductivity of the bulk material [8] have been patterned in this manner. Passing the structures over a 1 mm radius edge resulted in no measurable change in the electrical resistance of the structure. Figure 2 shows an edge of an evaporated Ni film that was patterned using a PMMA-based peeling ink. It can be seen that there is no residue from the peeled ink left on the substrate. The edge definition and structural integrity of the masking ink was such that it peeled away in one piece, and the adhesion of the evaporated Ni film on the polyester substrate was such that the material was removed cleanly along the edge interface.
SEM analysis indicated a typical local edge roughness of approximately 3-5 mm. Traditional screenprinting techniques are quoted as typically being able to achieve a lateral resolution of 100 mm [19] so this order of edge resolution was considered to be acceptable and suggests that the limitation lies with the screen-printing process and not the masking ink. This process has been applied successfully to the manufacture of complete thermocluster structures.
A test rig was built to characterize thermoelectrically the structures and was calibrated by testing standard thermocouples and comparing the resulting data to published data. Results were shown to correlate with theoretical data (within 5 per cent variance) [20] .
Results demonstrated that thermocouples manufactured using the processes detailed above had a stable and repeatable reaction to temperature. 
CONCLUSIONS
The use of brittle peeling inks was shown to be the most effective masking ink technology developed. This work has shown the potential for the combination of vacuum deposition techniques and printable patterning processes to the manufacture of thermocouples.
Wider implications suggest the low-cost, clean, and environmentally sensitive manufacture of a wide variety of electrical circuitry and devices such as RFID antennae.
